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ELECTRON PARAMAGNETIC RESONANCE OF OXYGEN ON 
M 
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ZnO AND ULTRAVIOUT-IRFNDIATED MgO 
by Jack H. Lunsford and John P .  Jayne 
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio / 
A study has been made of the irrteraction of oxygen with samples of 
zinc oxide and ul t raviolet- i r radiated magnesium oxide using electron para- 
magnetic resonance techniques. 
% 
Adsorption of oxygen at room temperature 
r e su l t s  i n  the rapid formation of a radical species, having g, = 2.077, 
2.0011, and 
gyy = 2.0020, and 
t o  temperatures of ZOOo C.  
i s  postulated that; 0; i s  the  en t i t y  adsorbed on the  surface. 
gzz = 2.0073 for  oxygen on i r rad ia ted  MgO and 
g,, = 2.0082 for  oxygen on ZnO. 
gn = 2.051, % =  
The radical  i s  s table  
The nature of t h i s  species i s  discussed and it 
IXBODUCT'ION 
The nature of room temperatwe oxygen adsorption on met& oxides has 
been the  subject of numerous i n v e ~ t i g a t i o n s l - ~ ;  however, it i s  not c lear  
whether the  chemisorbed6 species i s  Oi, O s ,  O', a peroxy group tha t  i s  
covalently bonded t o  the surface as S-0-O:, or some cambination of these.  Sev- 
2 e r d  other poss ib i l i t i e s  have been ruled out by thermodynamic considerations 
E lec t r i ca l  conductivity and electron paramagnetic resonance ( e  .p .r ) experi- 
ments have shown tha t  a charge transfer step i s  involved when O2 i s  adsorbed 
on an n-type semiconductor such as ZnO. 5;7-9 
studied on i r radiated nickel oxide," magLesim oxide," and s i l i c a  gel;" 
Oxygen adsorption has a lso been 
but t he  iden t i ty  of the adsorbed species i s  likewise uncertain. 
I ., 
. .  
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It i s  interest ing t o  note tha t  all four of the oxygen e n t i t i e s  t h a t  are 
mentioned above are paramagnetic, and therefore might well be studied by 
e.p.r .  techniques. 
technique t o  study the paramagnetic oxygen species which are formed on de- 
gassed ZnO and u l t rav io le t  - irradiated MgO - 
i n  the l i g h t  of other e.p.r .  studies and theoret ical  considerations. 
The purpose of  the present work has been t o  use this 
The e .p .r . spectra are  discussed 
EXPERIMENTAL 
Magnesium oxide sanples for  tbLs study were frm the same batch prepa- 
ra t ions as used i n  ea r l i e r  work. 1 2  , 13 MgO I w a s  prepared from reagent grade 
powder and contained about 0.001% Fe while MgO I1 was prepared from the same 
reagent grade powder which w a s  impregnated with FeC13 t o  a t o t a l  of 0.006% Fe. 
The powders were boiled i 2  water for  several hours, extruded in to  pe l l e t s  with 
a hypodermic syringe, and dried i n  air a t  100° C .  Degassing w a s  carried out 
by heating tne pe l l e t s  t o  800' C i n  a vacuum (lom6 t o r r )  f o r  16  h.  
surface area measured on one sanple of MgO I a f t e r  t h i s  treatment w a s  1 7 0  m 2 /g .  
using a low pressure mercwy vapor lamp with an in tens i ty  of 60 pW/cm 2 a t  2537 i. 
The BET - 
- 
A f t e r  degassizg, ,$he 0 pe l l e t s  were then i r radiated from 1 6  t o  48 h i n  vacuum M@; 
When 
at room temperature, oxygen w a s  admitted t o  the sample a t  room temperature, and 
the e .p.r . spectrum w a s  recorded at -19Co C 
the i r rad ia t ion  s tep had been cmpleted,the e .p . r .  spectrum was recorded 
The zinc oxide samples were prepared frm reagent grade zinc oxide and a 
high pur i ty  zinc oxide pignent (S.P. 500) tha t  was manufactured by the New 
Jersey Zinc Company. A batch was also made by decmposing zinc carbonate. 
Most of the data were taken on the S .P a 500 $hat had been s lurr ied i n  water, 
extruded in to  pe l le t s ,  calcined 1 6  h i n  a stream of 02, and degassed a t  400' C 
for  2 h i n  a vacum. Other samples of ZnO were degassed a t  5OOo or 550' C .  
3 
The e .p . r .  spectrum was recorded before and a f t e r  oxygen was admitted t o  the 
sample. The oxygen, which was obtained from a commercial source, was an ex t ra  
dry grade and had a minimum purity of 99 
purif icat ion.  
It w a s  used without further 
A conventional e .p . r .  spectrometer which had a TE 102 mode cavity w i t h  
a resonance frequency of 9 . 1  Gc/sec (X-band) w a s  used i n  t h i s  work. 
were recorded a t  20° or -190° C. 
magnetic resonance gauss meter. The g values were obtained by comparison 
w i t h  the  value for  the Cr+3 impurity i n  MgO ( g  = 1.9797) .  
Cr+3 impurity l i n e  w a s  present i n  the MgO powder and was superimposed on the  
ZnO spectra by attaching a s m a l l  single cryst;al of MgO onto the outside of 
the  sample tube. The number of spins associated w i t h  a par t icular  l i n e  w a s  
determined by numerically integrating the derivative spectrum and comparing 
with a stmfizrd. 
MgO data, 13 pg fo r  the ZnO data) of freshly recrystal l ized CS04'5H20 
that  w a s  attached t o  the side of the sample tube w i t h  a cammercial varnish. 
The ..Tert:c& sens i t iv i ty  var ia t ion of the cavity w a s  experimentally deter- 
mined so that the metal. oxide l i n e  sample could be compared w i t h  the standard 
point sample. With the standard secured on the sample tube, both the sample 
and the standard were a t  the  same temperature and i n  the same in tens i ty  of 
microwave f i e l d .  
gram of sample w a s  the  resu l t  of e r rors  i n  the weight of the standard, the 
numerical integrations,  md the l inear  density of the sample. 
Spectra 
The magnetic f i e l d  was measured w i t h  a nuclear 
Th i s  isotropic 
Tiie standard w a s  a s m a l l  single c rys ta l  (110 pg fo r  the 
An estima+,ed error  of +20% i n  the number of spins per 
Oxygen gas adsorption experiments were carried out by expansion from one 
known volume t o  another i n  a system equipped w i t h  a calibrated dc themo- 
couple gage. The f i n a l  pressure of the system was usually less than t o r r  
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and the adsorption was measured a t  room temperature. 
w a s  estimated for  r e su l t s  from this measurement. 
An error  of 2 10 % 
RESUETS 
Oxygen on MgO 
A s  described i n  two ea r l i e r   paper^,^^,^^ ul t rav io le t  or gama i r r ad i -  
a t ion of MgO produces paramagnetic surface defects ( S *  and S centers, 
respectively),  which are believed t o  be electrons trapped at  l a t t i c e  vacan- 
c ies .  Upon exposure t o  oxygen at re la t ively low pressures (-20 p) the room 
temperature e .p . r .  spectrum of these defects rapidly disappeared. Samples 
of MgO t h a t  were first i r radiated w i t h  u l t rav io le t  l i g h t  and exposed t o  oxy- 
gen showed a new spectrum when they were cooled t o  -190° C .  This derivative 
spectrum i s  displayed i n  Fig. 1 with the indicated g values l i s t e d  i n  
tab le  I. 
lii accord with the re la t ive  in tens i t ies  of the S' centers.  
The in tens i ty  of the spectrum w a s  l e s s  for  MgO I than for  MgO 11, 
12 
Exposure t o  oxygen at room temperature and a pressure of 20 t o r r  appre- 
ciably reduced the amplitude of the oxygen s p e c t m  because of spin-spin 
i n~Prac55ons "uetween the chemisorbed oxygen and physically adsorbed oxygen. 
The oxygen spectrum shown i n  Fig. 1 could be reproduced by evacuating the 
sample at  room temperature. 
peratures i n  vacuum showed tha t  the oxygen radicals15 decreased i n  nurriber 
f a i r l y  rapidly near 250' C .  
more rapidly than the main oxygen spectrum and i s  probably the spectrum of a 
different  species. 
destroyed by heating the sample i n  vacuum t o  3000 C fo r  16 h .  
i r rad ia t ion ,  however, caused the S '  center t o  reappear, and upon exposure 
7 
Heating the sample t o  progressively higher tem- 
The weak l ine a t  g = 2.009 w a s  destroyed much 
The remaining spectrum for  the  radical  was almost en t i re ly  
Ultraviolet  
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t o  oxygen the oxygen radical  was again formed. 
The resu l t s  of the adsorption measurements along with the number of 
S '  spins and oxygen spins are l i s t e d  i n  tab le  11. 
the number of oxygen radicals  was 40% of the number of 
number of oxygen molecules adsorbed on the sample equals the number of 
centers. 
the oxygen adsorption (8.6 p l i t e r  02/g) w a s  f i rs t  carried out on a degassed, 
i r radiated sample; then the sample was degassed fo r  4 h but not i r radiated 
and the oxygen adsorption repeated ( 2 . 2  p l i t e r  02/g); f i na l ly ,  the sample 
w a s  degassed for  2 h, i r radiated,  and the oxygen w a s  adsorbed (5.3 p l i t e r  02/g). 
The i n i t i a l  pressure w a s  the same for  these t h e e  measurements. The evidence 
seems conclusive tha t  the u l t rav io le t  i r rad ia t ion  did enhance the amount of 
oxygen t h a t  was adsorbed. 
It may be observed tha t  
SI centers, but the 
S t  
To establ ish tha t  i r radiat ion actually enhanced the amount adsorbed, 
Oxygen on ZnO 
The spectrum of the radicaL produced when oxygen w a s  adsorbed on degassed 
zinc oxide i s  shown i n  Fig. 2 .  
e a r l i e r  by K ~ k e s , ~  but i n  lids paper the low f i e l d  par t  w a s  omitted. 
ment with the ea r l i e r  work,7 it was found t h a t  the nuniber of oxygen spins did 
not increase l inear ly  with the amount of oxyge-n adsorbed for  residual gas 
pressures l e s s  than 0.5 p .  
oxygen radicals  ard the  mmiber of molecules adsorbed are  l i s t e d  i n  tab le  11. 
The r a t i o  of oxygen radicals  t o  oxygen molecules adsorbed is  s l igh t ly  greater 
than one. 
A portion of this spectrum w a s  published 
I n  agree- 
For higher residual gas pressures the number of 
A spectrum comparable t o  tha t  shown i n  Fig. 2 w a s  observed when oxygen 
If the ZnO w a s  degassed at w a s  adsorbed on d l  of the ZnO samples studied. 
. ,  
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500' C ra ther  than a t  400' C,  the  slow adsorption process became appreciable 
and the oxygen radical  spectrum decreased i n  in tens i ty  upon standing at room 
temperature. 
After a sample w a s  exposed t o  oxygen and the character is t ic  spectrum 
observed, the zinc oxide w a s  evacuated a t  200" C for 30 min. While most of 
the spectrum decreased uniformly t o  about 5% of i t s  or iginal  intensi ty ,  the 
l i n e  a t  g = 2.013 remained the same. This l i n e  undoubtedly represents a d i f -  
oxygen radi-  
of Fig. 1 
ferent species. Upon exposure t o  oxygen a t  room temperature the 
ca l  spectrum returr,ed t o  only 15% of its original  in tens i ty .  
DISCUSSIOX OF RESULTS 
Ideni3fication of the E.P .R. Spectra 
The ident i ty  of the species tha t  contributes t o  the spectra 
and 2 (excluding the minor l i nes  a t  g = 2.013) w 
cussed first i n  terms of the e .p . r .  parameters. The g tensors 
most distinguishing features of the spectra presented here since 
g = 2.099 and 11 be d s- 
are the 
there i s  
no hyperfine s p l i t t i n g  with the oxygen-16 molecule. 
low f i e l d  portion of the oxygen spectrum for both metal oxides i s  a par t  of 
the  whole spectrum. 
-i;iie fox- 
The two areas should be equal. With the good signal-to-noise r a t i o  tha t  w a s  
observed, these areas cmld  be determined accurately and it i s  apparent t ha t  
the  low f i e l d  portio3 of the spectramust be included. Hence, the g tensor 
has three unique symmetxry axes. 
i n  orthorhombic symmetry, for  a diationic molecule i n  an external e l ec t r i c  
f i e l d  t h a t  has a coniponent perpendicular t o  the internuclear axis, or fo r  a 
It seems clear t ha t  the 
!?his point i s  demonstrated when the area above the base 
&i-i-fzti-"-e specl;ra Is r n n m m ~ v ~ i 4  Lvrirpur _ _  v t t h  the &rea helnw the base l i n e  a 
This  can only be t rue  fo r  an atomic radical  
. 
I 7 
1 .  
polyatomic molecule. 
ated Mg0.l2 
The l a t t e r  case ex i s t s  when C 0 2  i s  adsorbed on irradi- 
The spectrum at t r ibuted t o  the 0' species has been observed i n  gamma- 
i r radiated aqueous alkali-metal hydroxide g l a s s e d 6  and X-irradiated calcium 
f1~orophosphate . l~  Each of these materials gives r i s e  t o  a crystal  f i e l d  of 
ax ia l  symmetry. Qualitatively,  the panmeters can be explained by postulating 
a s p l i t t i n g  of the 2p leve l  such that  pz l i e s  well above px and %. 
If this s p l i t t i n g  i s  suff ic ient ly  large, gzz should be approximately 2.0023 
and gwr = gyy >> 2.0023,16 ,The experimental 0- g values are gZz = 2.002 
and gxx = gyy = 2.070 i n the hydroxide glasses, and 
gxx = % = 2.0516 i n  the fluorophosphate I An orthorhombic f i e l d  would a l so  
s p l i t  the  px and py levels ;  however, it seems improbable tha t  the s p l i t -  
t i n g  would be such tha t  
shown i n  Figs. 1 and 2 .  
, 
g,, = 2.0012 and 
+ = g,, = 2.002, as i s  the case for the spectra 
A s i m i l a r  s i tua t ion  ex is t s  f o r  the 03 molecule ion. The spectrum of 
this ion has been observed i n  gamma-irradiated KClO$' (gZz = 2.0025, 
gxx = 2.0113, and = 2.0174) and ir, NaOg (gxx = = 2.015 and 19 
g,, = 2.003). Here, too, the sp l i t t i ng  i s  such tha t  gxx gyy >> g,,., 
which i s  opposite t o  the case for the  oxygen radicai  on MgO and ZnO. 
Kanzig and Cohen have given the following theoret ical  g values for  
20 the  0; molecule ion: 
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where y i s  chosen along a prr function, and x i s  the internuclear ax is .  
Here A 
f i e l d  at the surface; A and E are  defined i n  Fig. 3. Further, 2 repre- 
sents  a correction t o  the  angular momentum about 
f i e l d ;  2 
211 s ta te .”  
of t he  2psr 
g 
these two leve ls  t o  the  spin-orbit coupling coeff ic ient .  
t he  l e v e l s  would give 
with complete o r b i t a l  quenching, gxx I - gyy = gzz- = 2 .  
0; molecule ion chemisorbed on a metal oxide surface would be expected t o  pro- 
duce some intermediate g values. 
i s  an effect ive spin-orbit s p l i t t i n g  of the molecule ion i n  the  
x caused by the surface 
i s  uni ty  fo r  the  f r ee  molecule ion. The f r ee  ion would be i n  a 
If the  symmetry about the  molecular axis  i s  p a r t i a l l y  removed, one 
o rb i t a l s  w i l l  have a higher energy than the other.” The expected Q 
values, t o  first order, w i l l  then depend on the  r a t i o  of the  s p l i t t i n g  of 
Zero s p l i t t i n g  of 
g, = 4 and g;:I.,. = gZZ = 0 :  and for f n f i ~ i t e  sp l i t t i n -  6 7  
The energy l eve l s  f o r  an 
From the  experimental g values f o r  the oxygen rad ica l  and Eqs. (1) 
t o  (31, t h e  parameters A/A, A/E, arLd ‘1 were calculated.  I n  t ab le  111 
these values are cumpared with the values for  05 i n  KC120 and i n  Na02. 1 9  
Apparently the low symmetry at the  surface of the metal oxides and the strong 
f i e l d  gradients  cause considerably more s p l i t t i n g  of the 
only s l i g h t l y  a l t e r ing  the  2prrg-2pag sp l i t t i ng .  The increased correction 
2prrg l eve l s  while 
i . . 
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t o  the angular mozent;um, 2 ,  seems t o  indicate tha t  the molecule i s  more re-  
s t r i c t ed  on the ZnO thap on Mg3 or  i n  KC1. 
The poss ib i l i ty  t ha t  the oxygen spectra can be at t r ibuted t o  a peroxide 
group (S -0 -0 ' )  has been suggested by Kokes.7 
reviewed the 
tha t  the  
Ingold and Morton have recently 
g values for  various oxy and peroxy radicals .  21 It i s  clear 
g tensors f o r  the oxy and peroxy radicals  are neither i n  agree- 
ment with the ter-sors f o r  the sp3ctra of oxygen on MgO or ZnO, nor caxithey 
be generated from Eqs.  (1) tc ( 3 ) ,  with orle exceptior,. The exception was a 
radical  tha-5 was formed i n  Lrradiated met'nanol and ethanol. 22 In  addition, 
there  i s  evideoce12 that, the  electrons trapped in,NgO surface defects are i n  
a metastable sta$e w i t 3  a ra ther  high potent ia l  energy. 
electron aff izdty of Q2 It seems reasonable that the oxy- 
gen molecule up02 ad.sorption would form an  ioni,c-type bond, expecially since 
eo,, which has a re la t ive ly  l o w  electron a f f in i ty ,  i s  able t o  capture these 
electrons.  l1 The electron, however, may be l e s s  localized for  the adsor'bed 
oxygen on ZnO. 
Furthermore, the 
i s  atout 1 eVq2 
A s  a r e su l t  of these considerations it i s  concluded tha t  the radical  
jbserved on %he surface of the metal oxide i s  0; .  The spectra are recorded 
near l i qu id  nttrogen +,emperatures became o f  the short relaxation time of the 
species a$ roox temperature. 
e .p .r - data  alone whet;her the endothermic reaction 
Thxs i.t i s  :lot possible t o  determine from the 
0; s 0 -I- 0- 4.1 e V  (4) 
occurs on warming t,o rcom temperature. 
a t ion of 4 .1  eTJ for  t 3 . s  reaction, wbich ixdicates t ha t  the equilibrium 
wodd remai2 shWted fap 50 the l e f t ,  part;ic.Ularly on Mg3 where the number 
Wirker2 gives an energy of dissoci-  
lo 
of f ree  electrons i s  l imited.  On ZnO, where the f ree  electrons become 
more available on wming ,  the reaction 
o + e- = 0- + 2 . 1  eV ( 5 )  
must be considered and the possibi l i ty  for  dissociation of the Oi ion i s  
samewhat more favorable . 
Adsorption S t  udie s 
The gas adsorptioi  and e .p . r .  resu l t s  for  O2 on MgO show tha t  each ad- 
sorbed oxygen molecule in te rac ts  with rn s '  center electron, but only about 
40% of these irkeractions r e su l t  i n  as 0, molecule ion which contributes t o  
the spectrum. 
t o  surface paramagnetic impurity ions such as Fe+3 where spin-spin in t e r -  
actions broaden the individual l i n e s  that  make up the spectrum. This broad- 
ening is, of cmrse ,  accompanied by a decrease i n  the  amplitude of the spec- 
trum. While the error  i n  the numbers of tab le  I1 i s  re la t ive ly  large,  the 
semiquantitative considerations presented here axe believed t o  be s ignif icant  e 
The remaining 60% of the adsorbed 0; molecule ions may diffuse 
On ZnQ, where a comparatively large number of f ree  electrons have access 
t o  the  surface, it appears t ha t  mu& of the oxygen adsorbs as 0- for  residual 
pressures l e s s  than 0.5 p ( 4 . 2  pli ter /g)  I This w a s  f i r s t  observed by Kokes' 
a d  i s  a l s o  shorn i n  t h i s  experiment since the r a t i o  of the 0; spin concen- 
t r a t i o n  t o  the mneerkration of oxygen molecules i s  much l e s s  than one a t  
the l o w  pressures. 
comes s l i g h t l y  greater than one. 
t h i s  ratio would be exaetljr one. 
fmn witty 5s. wi-t;hix %he estimated errar e 
from tkese results LGW musk of" -khe criginal 0' is converted t o  05 as more 
A s  more oxygen i s  adsorbed (-2 p l i t e r /g ) ,  the r a t i o  be- 
- 
If e v x y  oxygen molecule adsorbed as O z ,  
The deviation of the experimental value 
It i s  not possible t o  determine 
gas i s  adsorbed. FG% i f  the assignment 
ion i s  correct,  +,hen 90% or more of the 
gas pressures from 1 t o  20 p. This was 
of the spectrum t o  the  0; molecule 
oxygen adsorbs as 02 fo r  res idual  
experimentally ver i f ied  only fo r  the 
i n i t i a l  adsorptioz? st,ep on samples degassed at 400' C .  
'Heating the  ZrrO sample t o  20Q0 C i n  vacuum apparently causes some i r r e -  
vers ible  e f f ec t s  since only a s m a l l  fraction of the  0; radical  reformed 
upon exposure t o  oxygen. A% the  elevated tenperatures it i s  possible tha t  
some of t he  OB i s  converted t o  O= before it c m  desorb. 
CONCLUSIONS 
1. Experimental evidence shows tha t  oxygen adsorbs on degassed zinc 
I 
oxide and u l t rav io le t - i r rad ia ted  magnesiux oxide as a species with an un- 
paired electron.  
2 .  The e .p . r .  spectra indfcate that  the oxygen adsorbs as the 0; mole- 
cule ion at a residual gas pressure greater than 1 p. 
1 2  
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TABLE I. - TAEIE OF g VAZ;uES 
Material 
Oxygen on 
unt r avi o le t  
i r radiated MgO 
Oxygen. on ZnO 
gxx 
2.077 f 0.001 
2.051 5 0.081 
2.175 5 0.005 
2.4359 
gYY 
2.0011 f 0 .goo3 
2.0020 5 0.0003 
2.000 f 0.005 
1.9512 
gzz 
~ 
2.0073 f 0.0003 
2.0082 f 0.0003 
2.000 k 0.005 
1.9551 
Ult r avi o ie t  - 
irradi.a$ed MgO I1 
No. 2 
fro. 3 
2 1  
-- 
I- 
$ nolecules 
5 x e t d  oxide’ 
23 
3.2 
4 -1 
3 .o 
Oxygen radicals 
g metal oxide 
x10-16 
8.4 
4.6 
4 “5 
3 “ 9  
Oxygen on 
u l t r av io l e t  
i r radiated MgO 
0; on ZnO 
0.035 0.0032 
017 .093 2 
2 
1.04 
- 
1 . 2 2  
1.04 
---- .086" 0; from uao2 1 6  _--._-- 
- 
50G 
- 121 
gw - 2.0011 
Fig. 1. - Derivative spectrum of oxygen adsorbed on 
ultraviolet-irradiated MgO. Spectrum is recorded at 
-1900 c. 
- 
H 
gyy - 2.0020 
Fig. 2. - Derivative spectrum of oxygen adsorbed 
on degassed ZnO. Spectrum is recorded at 
-190' C. 
t4 q:;;; 
tt 
Fig. 3. - Occupation of electronic 
levels of 02 in  ground state. 
(After Kanzig and Cohen".) 
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